The extraction of phage-inhibiting complexes or receptor substances has been demonstrated in a number of genera and, in some instances, the chemical nature of the inactivator has been ascertained (6, 10). In the mycobacteria, Tokunaga et al. (8, 9) reported that ethanol-ether (1:1) extracts of Mycobacterium smegmatis inactivated several mycobacteriophages. On the basis of the effects of various physical and chemical agents on the extract, they postulated that either a lipoprotein or a lipopolysaccharide complex was an important component of the receptor substance.
The extraction of phage-inhibiting complexes or receptor substances has been demonstrated in a number of genera and, in some instances, the chemical nature of the inactivator has been ascertained (6, 10) . In the mycobacteria, Tokunaga et al. (8, 9) reported that ethanol-ether (1:1) extracts of Mycobacterium smegmatis inactivated several mycobacteriophages. On the basis of the effects of various physical and chemical agents on the extract, they postulated that either a lipoprotein or a lipopolysaccharide complex was an important component of the receptor substance.
This report deals with the inactivation of two nocardiophages isolated from the soil (5) . One phage, 4C, infects the Mat-Ce mating strain of Nocardia erythropolis, whereas the second phage, 4EC, infects both the Mat-Ce and Mat-cE mating strains. Recently, a mutant of N. restrictus, AY B-311, was found to form plaques with both phages 4C and 4EC with soft-agar assaying techniques. The sensitivity to phage 4C has been exploited as a genetic marker (4) , and, while it is not mating type-specific, it is the most convenient means for rapid differentiation of the wild-type mating strains in the N. erythropolis system. The phage 4EC has been shown to be a temperate phage. Clones lysogenic for phage 4EC have been isolated from both N. erythropolis mating type strains (unpublished data). The present report establishes the isolation, inactivation, and preliminary characterization of a phage inhibitor complex from a group of nocardiae related either genetically or by their sensitivity to the phages OC and 4EC.
MATERIALS AND METHODS
Cultivation of organisms and propagation of phage.
The organisms were cultured in either peptone-yeast extract (PY) broth (Difco) or in minimal medium (MM) broth (1) for 24 to 36 hr at 30 C in a shaker incubator. Stock preparations of both nocardiophages XC and OEC were propagated in cultures of N. erythropolis Mat-Ce (5). The phage were tested for their ability to attach to and to propagate in the organisms employed in this investigation. Phage stock suspensions were added to PY broth cultures of the organisms after 24 to 36 hr of incubation. After 6 to 12 hr of incubation, the cultures were centrifuged, and the supernatant fluid from each was filtered and assayed for phage. All phage assays were NOCARDIOPHAGE INACTIVATION phage after the adsorption period. Attachment was also assayed by determining the percentage of phage resistant to specific antiserum. Phage able to form plaques after the addition of antiserum were considered to be attached to the cells. Ethanol-extracted cultures were washed in PY broth and standardized as above. Attachment to these extracted cells was determined by the percentage of free phage.
Sensitivity of phage to solvents. Various solvents were tested for their effects on the phage. The solvents to be employed in cell extractions were added to a stock suspension of phage containing 108 PFU/ml to a final concentration of 10%1o (v/v) in PY broth.
The mixtures were incubated for 30 min at 30 C. Dilutions were made in PY broth, and the per cent phage sensitivity was obtained by assaying with N. erythropolis Mat-Ce host.
Cell extraction and phage inactivation tests. In some instances, whole cells were extracted after three saline washes or after lyophilization, and, in other experiments, cell walls were isolated before extraction. Cell The inactivating capacity of the cell extracts was initially assayed by adding extract to a final concentration of 10% (v/v) to a stock preparation of phage containing 108 PFU/ml in PY broth. At given time intervals, samples were removed, diluted in PY broth, and tested for phage inhibition. In later experiments, it was observed that the inactivating complex could be precipitated by Ca(NO3)2. Therefore, the inactivating substance was concentrated and partially purified by adding 5 ml of 0.01 M Ca(NO3)2 to the extracted residues which had been dissolved in 10 ml of ethanol. The extract-Ca(NO3)2 mixture was incubated for 10 min, centrifuged, and redissolved in 5 ml of ethanol. The yield from this procedure was about 150,ug/ml (dry weight). In another procedure, 15 ml of ether and 15 ml of water were added to the extract. The ether layer was collected, dried over sodium sulfate, evaporated with nitrogen, and dissolved in 5 ml of ethanol. This procedure produced about 200 jug/ml (dry weight). To determine the kinetics of inactivation, extract was added to a final concentration of 2 Ag/ml and 20,ug/ml, respectively, to phage stock preparations, and samples were removed and assayed for phage at various time intervals. To determine if the same component of the cell extract was responsible for the inhibition of both phages OC and 4EC, the extracts were preadsorbed with phage. Portions of a high-titer suspension of one phage were added successively to phage-extract mixtures and incubated for 30 min. When no further reduction in phage titers was observed, the extract was considered to be saturated and was then tested for its ability to inhibit the other phage.
Effects of chemical and physical agents. The effects of cations, proteolytic enzymes, detergents, temperature, and several other chemical agents on the inactivation of phage by cell extracts were determined to provide information on the mode of action, the chemical nature, and the complexity of the inhibitor. To assay the effects of cations, a peptone-glucose (PG) broth (1 g of peptone, 3 g of glucose/liter) was used as a diluent. Cations in 0.001 M concentration and cell extract in 10% (v/v) concentration were added to the diluent. A 0.1-ml sample of a stock suspension of phage was added to 0.9 ml of the mixture; the mixture was then incubated and assayed as previously described. The effects of Pronase (Calbiochem, Los Angeles, Calif.) and trypsin (Difco) were assayed in 0.01 M THAM (2-amino-2-hydroxymethyl-1 ,3-propanediol) buffer (pH 8.0) plus 0.001 M Ca(NO3)2 at a concentration of 100,ug/ml. Extract-enzyme mixtures and phage-enzyme control mixtures were incubated for 60 min at 37 C. Phage preparations of about 10' PFU/ml in PY broth were added to the extractenzyme mixtures and assayed as previously described. The effects of the other chemical agents were assayed in PG broth plus 0.001 M Ca(NO3)2. The concentrations of each agent tested are given in Table 5 .
RESULTS
The ability of the nocardiophages 4C and 4EC to attach to and to propagate in the organisms employed in this investigation is shown in Table 1 . Both phages were found to attach to all organisms effectively, with the exception of N. corallina ATCC 4273. The attachment of phage 4EC was about 10% more effective than that of kC. Phage OC failed to propagate in the N. erythropolis Mat-cE mating strain, in N. restrictus ATCC 14887, and in N. corallina.
The 4EC phage propagated in both N. erythropolis mating strains but not in N. restrictus ATCC 14887 nor in N. corallina. Both phages showed a considerable variation in the PFU/ml produced by the various hosts when infected at the time the cells were harvested for extraction.
The effects of solvents and cell extracts obtained with the solvents on the nocardiophage are shown in The attachment studies showed that the phage could attach to the isolated walls (Table 3) . After extraction of either whole cells or cell walls, the ability of the phage to attach to them was greatly reduced. For example, with whole cells of the Mat-Ce strain of N. erythropolis, attachment of phage gC dropped from 87'-before extraction to 23% after extraction and that of phage ¢EC dropped from 91 to 21%c.
The rates at which the two nocardiophages were being inactivated were compared by using extracts from N. erythropolis Mat-Ce (Fig. 1) Cells were extracted with the solvents listedl.
, After cell extraction, these solvents were reduced to dryness over nitrogen, and the residues were redissolved in 10 ml of ethanol. The effects of cations on the inactivation of the phage by cell extracts are shown in Table 5 . Inactivation of phage in the PG broth was less than that observed with PY broth. The addition of monovalent Na and K ions inhibited the inactivation of both phages by the extract. The divalent Ca and Mg ions allowed maximum inactivation by the extract (Table 5) .
When the extracts were incubated with pro-TIME (min) Abbreviations: PG, peptone-glucose; EDTA, ethylenediaminetetraacetic acid; THAM, 2-amino-2-hydroxymethyl-l, 3-propanediol.
I Effects of the diluents on the phage were determined by adding 0.1 ml of phage stock preparation
[108 plaque-forming units (PFU) per milliliter, phage oC; 5.0 X 107 PFU ml, phage OEC] to 0.9 ml of the indicated mixtures. The phage were then incubated for 60 min at 37 C and titered with PG softagar overlays.
c The per cent of inactivation of phage by cell extracts which had been incubated for 60 min at 37 C in the indicated mixtures prior to addition of phage. After addition of phage stocks, the phage-extract mixtures were incubated for another 60 min at 37 C. The per cent inactivation is based on the PFU/ml obtained from the phage-extract mixture treated phage control. (7) . Why these nocardiophages should be inactivated by chloroform and methanol and unaffected by ether and ethanol is not known.
The inactivating substance was obtained from all cells to which the phage could attach. Isolated cell walls also provided a source of phageinactivating material. After ethanol extraction, the ability of the phage to attach to either walls or whole cells was greatly reduced. Phages 4C and 4EC seemed to be inactivated by the same complex. However, the same concentration of inhibitor was able to inactivate about 10-fold more 4EC than OC phage.
The requirement, by the extract, for divalent cations for phage inactivation is similar to that for effective attachment of phage to host cells. Sodium ions proved inhibitory to extract inactivation of the phage; they also inhibit phage attachment. The PG broth used to assay the effects of cations showed a considerable reduction in the plaque-forming capacity of phage controls when compared to Ca-and Mg-supplemented diluents (Table 5 ). The reduction in PFU/ml in the PG broth and in Na-and K-supplemented diluents is attributed to a reduction in the ability of the phage to attach to host cells. The addition of extract produced very little phage inactivation when compared to the phage control for each diluent. In the Ca-and Mgsupplemented diluents, the phage control values and per cent inactivation by the extract were comparable to those obtained in PY broth.
The sensitivity of the inactivating complex to proteolytic enzymes, 2-mercaptoethanol, and thymol implies that the inactivating substance contains a protein of some complexity. While the detergents may affect the proteins, the activity of Tween 80 and sodium lauryl sulfate on the extract and the resistance of the extract to boiling indicate that lipids or carbohydrates, or both, may be associated with the protein(s). Preliminary thin-layer chromatography of extracts developed with diisobutylketone-acetic acidwater (40:25:5) has shown the presence of phosphatidyl ethanolamine and several classes of phospholipids and lipoproteins. Phosphatidyl ethanolamine proved to have no effect on the viability of phage suspensions.
Although proteolytic enzymes and several other chemical agents were effective in destroying the inhibitory substance, it was not possible to reverse the effects of phage inactivation with any of the agents. Thus, once the phage are inactivated, a chemical alteration of the inactivating complex does not leave phage free for attachment or infection. One explanation for this observation is that the site of phage and inhibitor binding is not affected by the chemical agents, but, rather, secondary sites are affected. Such an alteration may prevent phage and extract from binding, but, once binding takes place, could not reverse the effects, because chemical residues remain attached to the phage. Another explanation is that the inactivation of the phage results in the release of phage deoxyribonucleic acid.
